Differences in the pathogenesis of microsatellite stable (MSS) sporadic colorectal cancers (CRCs) between left-sided CRC (LC) and right-sided CRC (RC) have not been clarified. To identify pathogenesis-related genomic differences between MSS CRCs within the two locations, we performed a comprehensive molecular analysis using crypt isolation with samples from 92 sporadic CRCs. Microsatellite instability (MSI; high and low/negative) and DNA methylation status (low methylation epigenome; intermediate methylation epigenome [IME] or high methylation epigenome [HME]) were determined using polymerase chain reaction (PCR) microsatellite analysis and PCR-bisulfite pyrosequencing, respectively. Additionally, mutations in the TP53, KRAS, BRAF and PIK3CA genes were examined using PCR-bisulfite pyrosequencing (for KRAS and BRAF mutations) or PCR-single conformation polymorphism (for TP53 and PIK3CA mutations), followed by sequencing of aberrant bands. Finally, a genome-wide study using a copy number alteration (CNA)-targeted single nucleotide polymorphism array was performed. Ninety-two CRCs were classified into 71 MSS and 21 MSI phenotypes. We examined 71 CRCs with the MSS phenotype (LC, 56; RC, 15). Mutations in KRAS were associated with RC with the MSS phenotype, whereas mutations in TP53 were more frequently found in LC with the MSS phenotype. There were significant differences in the frequencies of KRAS and TP53 mutations in the IME between LC and RC with the MSS phenotype. Although CNA gains were associated with LC with the MSS phenotype, CNA losses were not major alterations associated with the MSS phenotype. These findings suggested that the molecular pathogenesis of the MSS phenotype in LC was different from that in RC.
Differences in the pathogenesis of microsatellite stable (MSS) sporadic colorectal cancers (CRCs) between left-sided CRC (LC) and right-sided CRC (RC) have not been clarified. To identify pathogenesis-related genomic differences between MSS CRCs within the two locations, we performed a comprehensive molecular analysis using crypt isolation with samples from 92 sporadic CRCs. Microsatellite instability (MSI; high and low/negative) and DNA methylation status (low methylation epigenome; intermediate methylation epigenome [IME] or high methylation epigenome [HME]) were determined using polymerase chain reaction (PCR) microsatellite analysis and PCR-bisulfite pyrosequencing, respectively. Additionally, mutations in the TP53, KRAS, BRAF and PIK3CA genes were examined using PCR-bisulfite pyrosequencing (for KRAS and BRAF mutations) or PCR-single conformation polymorphism (for TP53 and PIK3CA mutations), followed by sequencing of aberrant bands. Finally, a genome-wide study using a copy number alteration (CNA)-targeted single nucleotide polymorphism array was performed. Ninety-two CRCs were classified into 71 MSS and 21 MSI phenotypes. We examined 71 CRCs with the MSS phenotype (LC, 56; RC, 15). Mutations in KRAS were associated with RC with the MSS phenotype, whereas mutations in TP53 were more frequently found in LC with the MSS phenotype. There were significant differences in the frequencies of KRAS and TP53 mutations in the IME between LC and RC with the MSS phenotype. Although CNA gains were associated with LC with the MSS phenotype, CNA losses were not major alterations associated with the MSS phenotype. These findings suggested that the molecular pathogenesis of the MSS phenotype in LC was different from that in RC.
Colorectal cancer (CRC) is a major cause of morbidity and mortality throughout the world. 1 It is the third most common cancer worldwide and the fourth most common cause of death. 1 Therefore, CRC is one of the most important cancers in the world. 1, 2 The prognosis of patients with CRC has improved owing to recent advances in technology, and further improvements in our understanding of the pathological and molecular basis of disease have contributed to potential new approaches for the diagnosis and treatment of CRC. Therefore, it is important to continue to evaluate the role of molecular alterations in colorectal carcinogenesis.
Genomic instability plays an essential role in the development and progression of CRC. [3] [4] [5] Based on different forms of genomic instability, sporadic CRC can broadly be divided into two groups: the microsatellite instability (MIN; MSI) type, caused by MLH1 methylation of the promoter region, and the chromosome instability (CIN) type, characterized by genomic instability at the gross chromosomal level. [3] [4] [5] The majority of sporadic CRCs (90%) are classified into the CIN type, whereas only approximately 10% of sporadic CRCs are classified into the MIN type. [3] [4] [5] [6] [7] In addition, the microsatellite stable (MSS) type, which is similar to CIN, is also important in colorectal carcinogenesis. Studies have shown that MSI and MSS are mutually exclusive and are also used as basic molecular classification.
A previous study showed that classification based on tumor location, that is, left-sided CRC (LC) and right-sided CRC (RC), is also useful and essential for understanding colorectal carcinogenesis. 8, 9 Although CRC with the MSI-high phenotype preferentially occurs in the right-sided colon, it is rarely found in the left-sided colon. 8, 9 However, the MSS phenotype is the main molecular phenotype in both LC and RC. 10, 11 Previous reports have shown that the MSS phenotype is found in approximately 60-70% of RC and around 90% of LC. 3, 7 To identify the molecular or clinicopathological differences between LC and RC, we must examine the molecular or clinicopathological differences in the MSS phenotype between LC and RC, given that the MSS phenotype is common in CRC.
In the current study, we aimed to validate the molecular profiles of MSS CRC based on tumor location.
Material and Methods

Patients
Tumor specimens were obtained from 92 patients who had undergone colectomy at Iwate Medical University Hospital (Iwate, Japan) between 2013 and 2015. Clinicopathological findings, including age, sex, tumor location, histological classification, lymphatic invasion, venous invasion and tumor stage, were determined according to the Classification of the Japanese Society for Cancer of the Colon and Rectum. 13 No preoperative neoadjuvant therapy or radiotherapy was given to any of these patients.
All patients who participated in this study provided written informed consent, and the study was approved by the Ethical Committee of Iwate Medical University.
Crypt isolation method
Crypt isolation from the tumor and normal mucosa was performed in accordance with previously reported methods. 14, 15 Briefly, fresh mucosa and tumor samples were minced with a razor into small pieces and then incubated at 378C for 60 min in calcium-and magnesium-free Hanks' balanced salt solution (CMF) containing 30 mM ethylenediaminetetraacetic acid (EDTA). The tissue was then stirred in CMF for 30-40 min. The isolated crypts were immediately fixed in 70% ethanol and stored at 48C until DNA extraction.
The fixed isolated crypts were observed under a dissecting microscope (SZ60; Olympus, Tokyo). Some isolated crypts were routinely processed for histopathological analysis to morphologically confirm their isolated nature. No contamination, such as interstitial cells, was observed in any of our 92 samples.
DNA extraction
DNA from normal and tumor glands was extracted by standard SDS proteinase K treatment. DNA extracted from the samples was resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA [pH 8.0]).
Analysis of MSI
The extracted DNA was amplified by polymerase chain reaction (PCR) with fluorescent dye-labeled primers targeting five microsatellite loci: BAT25, BAT26, D5S346, D2S123 and D17S250. DNA was detected using a DNA sequencer (ABI PRISM-310 Genetic Analyzer; ABI), and fragment analyses were carried out with GeneScan software (ABI). MSI status was determined by the presence of additional bands in the PCR product from tumor DNA. MSI-high was defined as instability in at least two of the five microsatellite loci; MSI-low was defined as instability in only one locus; and MSS was defined as having no shifted loci according to NCI criteria. 16 In the present study, MSI-low was excluded.
Analysis of KRAS and BRAF mutations
Mutations in KRAS and BRAF genes were examined using a pyrosequencer (Pyromark Q24; Qiagen NV), as previously described. 6 The primers used in the present study were described previously. 6 Analysis of TP53 and PIK3CA mutations Mutations in the TP53 gene in exons 5-8 and in the PIK3CA gene in exons 9 and 20 were identified by PCR singlestranded conformation polymorphism (PCR-SSCP). The conditions for PCR were described previously.
17 SSCP analysis was performed as previously described, with some modifications. 17 Briefly, the PCR products (2 lL) were mixed with 10 lL of gel loading solution (9.5% deionized formamide, 20 mM EDTA-Na, 0.05% xylene cyanol and bromphenol blue) and then denatured at 958C for 5 min. Nondenaturing 7.5% polyacrylamide gels were used for electrophoresis at 260-300 V for 3-12 h, with the temperature controlled at 228C using a temperature controller (Resolmax, ATTO What's new? The classification of colorectal cancer (CRC) based on tumor location is simple, comprehensive, and consistent with recent attempts to characterize tumors by pathological and molecular features. Differences in the pathogenesis of microsatellite stable (MSS) sporadic CRCs between left-sided CRC (LC) and right-sided CRC (RC) have however not been clarified. Here, the authors found that TP53 mutations are closely associated with the development of LC whereas RC is characterized by KRAS mutations. Using an integrated genome-wide analysis, they also show significant differences in copy number alterations. The findings suggest a different molecular pathogenesis of the MSS phenotype between LC and RC.
Co., Tokyo, Japan). The gels were visualized by silver staining and photographed. The migrated band was removed from the gel, and the DNA was extracted. Suspected mutations obtained by SSCP in the TP53 gene and PIK3CA gene were then confirmed by sequence analysis. 17 
Pyrosequencing for evaluation of methylation
The DNA methylation status was determined by PCR analysis of bisulfite-modified genomic DNA (EpiTect Bisulfite Kit; Qiagen) using pyrosequencing for quantitative methylation analysis (Pyromark Q24; Qiagen NV). The primers used in this study were designed previously. 6, 18 DNA methylation was quantified using six specific promoters originally described by Yagi and collegues. 18, 19 Briefly, after methylation analysis of the first panel of three markers (RUNX3, MINT31 and LOX), tumors with hypermethylated epigenomes (HMEs) were defined as those with at least two methylated markers. The remaining tumors were examined using a second panel of three markers (NEUROG1, ELMO1 and THBD). Tumors with intermediate methylated epigenomes (IMEs) were defined as those with at least two methylated markers, and tumors not classified as having HMEs or IMEs were designated as showing hypomethylated epigenomes (LMEs). The cut-off value for the mutation assay was 15% mutant alleles, while that for the methylation assay was 30% of tumor cells, as previously reported. 6 Copy number alteration analysis Extracted DNA was adjusted to a concentration of 50 ng/lL. All 92 paired samples were assayed using the Infinium HumanCytoSNP-12v2.1 BeadChip (Illumina, San Diego, CA), which contains 299,140 single nucleotide polymorphism (SNP) loci, according to the Illumina Infinium HD assay protocol. BeadChips were scanned using iScan (Illumina) and analyzed using GenomeStudio software (v.2011.1; Illumina). The log R ratio (LRR) and B allele frequency (BAF) for each sample were exported from normalized Illumina data using GenomeStudio. Data analysis was carried out using KaryoStudio 1.4.3 (CNV Plugin v3.0.7.0; Illumina) with default parameters. CNAs were classified as described below. In the classification of chromosome copy number alterations by CNA partition algorithms, LRR 0 indicated a normal diploid region, LRR > 0 indicated a copy number gain and LRR < 0 indicated a copy number lossof-heterozygosity (LOH). BAF values ranged from 0 to 1; homozygous SNPs had BAFs near 0 (A-allele) or 1 (B-allele), and heterozygous diploid region SNPs had BAFs near 0.5 (AB genotype). Additionally, LRR and BAF data were used to identify regions of hemizygous and copy-neutral LOH.
Calculation of the length of CNAs on a genome-wide scale in CRCs
To quantify CNAs on a genome-wide scale, we calculated the total lengths of CNAs (losses 1 gains), total length of CNA gain, total length of CNA LOH and total length of CNA-copy neutral LOH identified by the SNP-array analysis, as previously described. 20 We, therefore, used the total CNA length as an index representing the degree of chromosomal alterations and assessed the relationship between CNA length (total CNA, CNA gain, CNA LOH and CNA copy-neutral LOH) and LC or RC.
Statistical analysis
Data obtained for histological features, mutations, methylation and CNA status based on each subgroup were analyzed using v 2 tests with Yates' correction with the aid of Stat Mate-III software (Atom, Tokyo, Japan). Differences in age distributions between the two groups were analyzed using Mann-Whitney U tests (PRISM6; GraphPad software, La Jolla, CA). Differences with p-values of less than 0.05 were considered significant.
Results
Analysis of MSI and its association with clinicopathological findings in LC and RC
Based on the MSI status, 92 tumors were classified into 71 MSS tumors and 21 MSI tumors (MSI-low, seven cases; MSI-high, 14 cases). Although the frequency of CRC with the MSS phenotype in women was higher in RC than in LC, there was no significant difference between women and men. The median age of patients with RC was significantly higher than that in patients with LC (p 5 0.01). The clinicopathological findings are listed in Table 1 .
Molecular alterations in LC and RC with the MSS phenotype
There was a significant difference in the frequency of TP53 mutations in LC (33/56, 58.9%) compared with that in RC (3/15, 20%; p 5 0.006). In addition, a significant difference in the frequency of KRAS mutations was observed between LC (16/56, 28.6%) and RC (11/15, 73.3%; p 5 0.001). However, no differences were found in the frequencies of BRAF and PIK3CA mutations between LC and RC. These results are depicted in Table 2 -a. Although the HME status was not found in RC (0/15), three of 56 LC (5.3%) showed the HME status (Table 2-b). IME and LME statuses were common in LC and RC (Table 2-b).
Differences in mutations in cancer-related genes between LC and RC based on methylation status Next, we examined mutations in TP53, KRAS, BRAF and PIK3CA genes based on the methylation status in LC and RC. The frequency of KRAS mutations based on the IME was significantly higher in RC (9/11, 81.1%) than in LC (9/28, 32.1%; p 5 0.01). In addition, there was a significant difference in the frequency of TP53 mutations in the IME between LC (2/11, 18.2%) and RC (18/28, 64.3%; p 5 0.02). There were no correlations in BRAF (0 in LC and RC) or PIK3CA mutations (3/28 [10.7%] in LC and 1/11 [9. 1%] in RC) based on the IME between LC and RC. Moreover, there were no significant differences in the frequencies of TP53 
Differences in genomic alterations between LC and RC with the MSS phenotype
The 71 pairs of CRC samples were examined using SNP arrays to detect differences between LC and RC. The CNAs of all chromosomes according to LC and RC are shown in Figure 1 . The frequency of CNAs was detected across the entire genome. Genomic CNAs detected in м50% of cases are summarized in Table 3 . The mean total number of chromosomal aberrations per patient was 447 with an average of 280 gains, ranging from 64 to 568; the mean number of LOHs was 53, ranging from 0 to 184 and the mean number of copy-neutral LOHs averaged 57, ranging from 0 to 292 in LC. On the other hand, the mean total number of chromosomal aberrations per patient was 219, with an average of 150 gains ranging from 1 to 384; there was an average of 30 LOHs, ranging from 0 to 99 and we found mean number of 42 copy-neutral LOHs, ranging from 0 to 282, in RC. Regions of gain detected in м50% of cases were located at 8p11. Table 3 .
Genomic differences between LC and RC with the MSS phenotype Next, we examined differences in CNAs between LC and RC, as shown in Table 4 . Regions of gain detected in >30% of cases (Table 4) . We also examined regions of loss found in м20% of cases of LC and RC. Significant differences in the frequencies of copy-neutral LOH between LC and RC were found at 3p24.2, 3p24.3, 16p12.1 and 16p13.2 (Table 4) . However, no differences in the frequency of LOH were found between LC and RC.
Association of the length of CNAs on the genome-wide scale in LC and RC with the MSS phenotype
Overall, the total length of CNAs was longer in LC than in RC ( Fig. 2 ; p < 0.03). We analyzed genomic losses (LOH and copy-neutral LOH) and gains separately. The total length of CNA gains was significantly longer in LC than in RC ( Fig. 2 ; p < 0.02). No significant differences in the total length of losses (LOH and copy-neutral LOH) were found between LC and RC.
Associations of clinicopathological or molecular profiles of rectal cancers with LC and LC excluding rectal cancer
No differences were observed in clinicopathological features between LC (excluding rectal cancer) and rectal cancer. There were no differences in the frequencies of mutations (KRAS, BRAF, TP53 and PIK3CA) between LC (excluding rectal cancer) and rectal cancer. In addition, no differences were observed in the methylation status (HME, IME and LME). Genomic CNAs detected in м50% of cases are summarized in Supporting Information Table 1 . In rectal cancer, the mean total number of chromosomal aberrations per patient was 387 with an average of 202 gains, ranging from 64 to 511; the mean number of LOHs was 66, ranging from 0 to 292, and the mean number of copy-neutral LOHs averaged 49, ranging from 0 to 292. In contrast, in LC excluding rectal cancer, the mean total number of chromosomal aberrations per patient was 475, with an average of 338 gains ranging from 100 to 568; there was an average of 46 LOHs, ranging from 0 to 184, and we found a mean number of 78 copy-neutral LOHs, 
Discussion
Multiple studies have shown that the molecular characteristics of CRC vary according to anatomical sites, including LC and RC; therefore, researchers have focused on the potential etiologies of these two types of CRC. 8, 9, 21, 22 Differences between LC and RC have been found. For example, RC is more likely to have mucinous histology, to be diploid, and to exhibit a high frequency of MSI and CpG island methylation. 7,9,12 whereas LC often exhibits a differentiated histology, have chromosomal instability, and are more often aneuploidy. 7,9,11 Classification based on tumor location is simple, comprehensive and consistent with recent attempts to characterize tumors by pathological and molecular features. 8, 9 However, for validation of the distinct molecular profiles of CRC based on tumor location, it is necessary to identify differences in molecular alterations between LC and RC with the MSS phenotype. It is unclear whether these biological differences translate into meaningful differences in colorectal carcinogenesis. In the present study, the clinical and research value of this simple approach based on tumor location and tumor classification was evaluated. The TP53 gene is one of the most frequently mutated genes in human cancers. 4, 5, 23, 24 Approximately half of all cancers have mutated TP53. 4, 5 In addition, mutation of the TP53 gene is found in 60-80% of CRCs. 4, 5, 7 Mutation of the TP53 gene is a representative event during the progression of CRC. 4, 5, 23, 24 Recent studies have shown that mutation of TP53 is observed more frequently in LC than in RC. 9, 25 These findings are consistent with our study. In the present study, although the MSS type in LC was characterized by TP53 mutations, TP53 mutations in RC with the MSS type were only infrequently detected. TP53 mutations are generally believed to occur at the time of transition from adenoma to cancer, suggesting that TP53 gene mutations accumulate within the cancer tissue during cancer progression. 6, 7 These findings support the notion that the genetic mechanisms defining the conversion of adenoma into carcinoma may differ between RC and LC. KRAS mutations are closely associated with progression from low-grade adenoma to high-grade adenoma. 4, 6, 7, 23 Therefore, mutation of KRAS is thought to be a critical genetic event in colorectal carcinogenesis. 4, 6, 7, 23 KRAS mutations have recently emerged as a major predictor of resistance to epidermal growth factor (EGF) receptor (EGFR) inhibitors. 26 The EGF ligand activates a signaling cascade via 2 pathways, that is, the RAS-RAF-mitogen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K)-AKT pathways, suggesting that KRAS mutations may be a key molecular factor mediating the efficacy of EGFR monoclonal antibody therapy in CRC. 26, 27 Approximately 30-50% of colorectal tumors are known to harbor mutated KRAS, indicating that up to 50% of patients with CRC may benefit from specific treatment strategies based on KRAS status. 23, 26, 27 In the present study, the frequency of KRAS mutations was found to be significantly higher in RC than in LC. Although previous reports are consistent with our data, 28, 29 the finding that KRAS mutations preferentially occur in RC with the MSS phenotype has not been previously demonstrated. In addition, this finding also suggested that patients having LC with the MSS phenotype may benefit from EGFR antibody therapy, whereas those having RC with the MSS phenotype may not benefit. This is an interesting finding and suggests that the strategy for molecular-targeted therapy in patients with the MSS phenotype may differ among those with LC and RC.
DNA methylation plays a major role in colorectal carcinogenesis. 30, 31 DNA methylation can be classified into three types (HME, IME and LME) according to the 2-panel method established by Yagi and Kaneda. 18,19 HME corresponds to CIMPhigh, as proposed by Toyota et al. 18, 19, 30, 31 Most sporadic MSI colon tumors (MSI-high tumors) are CIMP positive, whereas CIMP is uncommon in MSS cancer that exhibits genomic instability at the chromosomal level, indicative of distinct underlying molecular processes. 18, 19, 31 Thus, CIMP is significantly more frequent in tumors of sporadic MSI cancers and is associated with BRAF mutations. 4, 5, 12 In the present study, our results showed that although IME and LME were commonly 
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found in LC and RC with the MSS phenotype, HME was rarely observed in MSS-type CRCs. Kaneda et al. found that methylation was sufficiently accumulated at the adenoma stage to develop an epigenotype, suggesting that accumulation of aberrant promoter methylation was mostly complete at the adenoma stage. 18, 19 This finding suggests that MSS-type CRC has an epigenotype similar to that of early precursor lesions, irrespective of tumor location. 6, 18, 19 Recent studies have shown that IME with KRAS mutation is closely associated with tumor survival. 18, 19 In the present study, a significant difference was found in the frequency of KRAS mutation in the intermediate methylation phenotype between LC and RC with the MSS phenotype. These results support the finding that patients with RC have a significantly worse prognosis than those with LC in terms of overall survival. 10 In addition this finding may suggest that RC should be treated distinctively from LC. In the present study, the frequency of TP53 mutation in the IME of LC was significantly higher than that of RC. This finding is interesting and is based on the possibility that TP53 mutation in LC is associated with a specific methylation status (i.e., IME in the present study). However, the relevance of this finding to colorectal carcinogenesis is unknown. Further studies are needed to investigate the association between methylation status and specific mutations.
To the best of our knowledge, no other studies have reported a comprehensive genomic analysis of MSS phenotype based on tumor location. The key finding of this study was the discovery of a potential genomic stratification marker in LC and RC with the MSS phenotype, that is, gains at 10q21. 36 as representative genes contributing to tumor development. Of these candidate genes, we selected CDK4/6 and RARb2 as genes involved in colorectal tumorigenesis. Thus, further studies are needed to elucidate the roles of these two genes in colorectal carcinogenesis.
CIN is observed in approximately 80-90% of sporadic CRCs 4, 5, 7 and is characterized by an accelerated rate of gains or losses in whole or large portions of chromosomes, resulting in karyotypic variability.
11 CIN causes imbalances in chromosome numbers (aneuploidy), sub-chromosomal genomic amplifications and a high frequency of LOH. 11 In this study, we aimed to analyze the association of CNAs with tumor location in CRC and to understand the role of CNAs in sporadic CRC development according to tumor location. We examined the total length of CNAs to identify genomic damage in LC and RC with the MSS phenotype. Notably, although total length of loss (LOH or copy-neutral LOH) of CNAs did not differ among LC and RC with the MSS phenotype, the total lengths of overall CNAs and gain of CNAs were significantly longer in LC with the MSS phenotype than in RC with the MSS phenotype. This finding suggested that cellular genomic destabilization was enhanced to a greater degree in LC than in RC, indicating that CIN in cancer cells was caused by TP53 mutations. 37 These findings provide important insights into the pathogenesis of CRC with the MSS phenotype. Rectal cancers have been reported to be distinct from other distal cancers. 38, 39 The few studies that have addressed the molecular and/or biological differences between the two diseases (rectal cancers and other distal LC) have focused on a single marker, such as KRAS, BRAF, MSI or LOH. 38, 39 In the present study, however, we found no differences in clinical or molecular findings between rectal cancer and other distal cancers. Our study was a small-sized study and was different from previous studies in that we performed a comprehensive molecular analysis. To identify differences in clinical and molecular findings between the two cancers, more detailed studies should be performed using a larger cohort in the near future.
In conclusion, we examined differences in genetic alterations between LC and RC with the MSS phenotype. Although TP53 mutations were closely associated with the development of LC with the MSS phenotype, RC with the MSS phenotype was characterized by KRAS mutations. IME and LME statuses were commonly observed in CRC with the MSS phenotype, regardless of the location. An integrated genome-wide analysis showed that there were significant differences (total lengths of gains and overall CNAs) in CNAs between LC and RC with the MSS phenotype. Thus, significant differences in chromosomal regions were detected between LC and RC; however, further studies are needed to confirm these results. Moreover, although our study included a small number of patients, our findings provide important insights into the molecular profiles of CRC according to tumor location and improve our understanding of colorectal carcinogenesis. In addition, although a second cohort is needed to validate the present results, we believe that our results will improve our understanding of colorectal carcinogenesis.
